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ABSTRACT 

Electronic  surface  states  in  seal conductors  often  lie  between  the  valance 
and  conduction  bands  and  give  rise  to  charge  densities  confined  to  the  surface 
region.  Laser  radiation  of  frequency  lass  than  the  energy  gap  can  excite  j 
electrons  from  delocalised  valence  band  states  to  these  localised  surface  ) 
states  leading  to  large  changes  in  the  charge  distribution  at  the  surface.  $ 
Selective  anfienranenf  of  adsorption/desorption  processes  involving  ionic  or,  j 
polar  adspedes  can  result  fron  such  a  charge  redistribution,  using  a  one- 
11 nanal nr si  nodal  for  siliaon,  the  cross-section  for  the  laser-indoced 
electronic  transition  to  surface  states  is  shove  to  be  large.  The  interaction 
energy  of  an  adspecies  with  the  surface  rhanges  significantly  with  direct 
excitation  of  surface  states  in  a  and  conductor.  For  a  One  dlnenainnal  natal, 
however,  direct  transitions  between  bulk  and  surface  states  are  not  allowed, 
but  phonon  nediatsd  transitions  coaled  with  laser  radiation  lead  to  sub - 
stantlal  charge  transfer  as  for  senioendnetors.  ^ 


HITROOOCTION 

Much  effort  has  been  devoted  to  the  study  of  the  effects  of  laser  radiation 
an  the  in  solid  surfaces.  Both  theoretical  [1]  and  esperinental  [2] 

works  have  relied  on  the  laser  to  excite  these  vibrational  nodes  of  the  syntax 
in  order  to  enhance  surface  nrnneaaes 

On  the  otter  hand,  photo-induced  surface  reactions  can  occur  through 
electronic  excitation.  Synchrotron  radiation  studies  [3]  on  natal  surfaces 
have  shown  induced  desorption  doe  to  the  shift  of  electronic  charge  in  the 
surface  region  [4]. 

For  a  sent  conductor,  states  with  charge  localised  in  the  surface  region 
exist  in  addition  to  the  bulk  conduction  and  valence  bands  states  [5].  In  the 
following,  we  will  danonstrata  the  use  of  a  laser  for  exciting  charge  into 
these  surface  states  and  discuss  the  effect  on  surface  processes. 

For  a  truncated  one-dineasional  chain  of  length  L  and  lattice  constant  a, 
the  solutions  of  the  Schxddinger  equation  can  be  obtained  within  the  nearly- 
fxow  elartmn  approximation  [5].  The  energy  for  the  bulk  electronic  states  is 

Ek  -  [k2*(k-g>  21  ±  /tk2-  (k-g)  21 2  4  «2>  (l) 

where  k  is  the  wsvanusber  of  the  electron,  g  ■  2v/s  is  the  reciprocal  lattice 
vector  and  I_  is  the  band  gap  energy.  The  results  for  the  valence  band  (nega¬ 
tive  branch)  and  conduction  band  (positive  branch)  are  illustrated  in  figure  1. 
The  vevafaactions  are  oenstructed  fron  suh  of  plane  waves  (6].  For 


Figure  1.  Dispersion  relationship  in 
s  finite  linear  chain,  the  valence,  i 
V,  s  and  C,  respectively. 
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•la,  at  the  top  of  the  valanoa  band  we  have 

V«J  "  “ i/2  •*»!<«/*>  (e-e/2)  ♦  6] 


for  inside  the  chain  and 


♦^(s)  -  sine  e“,<a^ 


for  outside  the  chain,  the  phase  factor,  0,  is  dots  mined  by  the  continuity 
condition  and  q  ■  OMt2)  where  W  is  the  work  function  [6] . 

Since  we  have  a  truncated  chain,  in  addition  to  the  above  solutions  of  the 
SchrOdinger  equation,  we  can  have  solutions  with  complex  crystal  aonantun  [5] . 

k  *  g/2  ♦  Ik.  (4] 

Inserting  this  into  our  energy,  equation  (1),  we  obtain  * 

*c  -  3<<f>2  -  K2  ±  /*|-«cV>.  (5] 

Likewise  using  equation  (2) ,  we  obtain  the  wave  function 


V*>  -  c#  Bin [(f)  (s-f)+8]e“ 


where  C«  is  a  noreel 1 ration  constant.  The  external  wave function  will  have  the 
sane  fore  as  aquation  (3) .  Sere  we  have  disregarded  the  contribution  to  the 
wavefunction  at  the  far  surface  (s  ■  a/2-D .  The  energy,  equation  (5) ,  is  also 
illustrated  in  figure  1  by  the  band  labeled  S.  These  are  surf  am  states  since 
the  charge  density  associated  with  then  is  localised  in  the  surface  region  due 
to  the  a  gotten  tial  factor  in  equation  (6).  The  bulk  states,  equation  (2), 
however,  have  charge  wore  or  lass  uniformly  distributed  throughout  the  system. 

Consequently,  if  we  excite  electrons  from  the  valance  band  to  the  surface 
band,  we  can  transfer  charge  from  the  bulk  of  our  crystal  to  the  surface.  The 
resultant  Ooulcohie  effect  could  have  significant  effect  on  surface  processes. 
TO  explore  this  concept,  we  first  wish  to  see  how  well  laser  radiation  can 
excite  charge  into  the  surface  states. 


SUMACS  STATE  EXCITATION 


La mt  induced  transitions  to  the  surface  states  vill  be  governed  by  the 
integral 

H  .  (t)  ■  <ic|£*p|k>,  (7) 

where  A  is  the  vector  potential  of  the  laser  radiation  and  p  is  the  momentum 
operator  of  the  electron.  If  we  use  a  laser  that  is  polarised  parallel  to  the 
chain  and  exploit  the  periodicity  of  the  functions  contained  in  our  wave- 
function  |6] #  we  obtain 

«*<«  -  8«|£|k»0.  t« 

where  I  is  the  intensity  of  the  laser,  u  is  the  frequency  and  the  subscript 
zero  indicatee  integration  over  the  first  unit  cell.  The  sun,  S,  is  given  by 


N-l 

8-1 

1-0 


i  (g/2-k)  la  itla 

•  • 


(9) 


where  N  is  the  nnfcer  of  atone  in  our  chain.  To  obtain  the  transition  proba¬ 
bility,  we  would  take  the  equate  modulus  of  equation  (8) .  If  we  assume  that 
N  is  very  large  [6],  the  stas  squared  can  be  approximated  by 


I®  I 


2 


-  2V  3  Qc-q/2? 

*  l-.2** 


(10) 


where  5  (k-g/2)  is  6m  Dirac  delta  function.  Consequently,  the  transition  from 
the  bulk  to  a  surface  state  is  only  permitted  if  the  real  part  of  the  crystal 
momentum  renal  ne  unchanged.  This  relationship  is  not  too  surprising  since  it 
ia  an  exact  restriction  of  laser*iadueed  transitions  between  bulk  bands  [7] . 
Furthermore,  for  our  modal,  it  confines  us  to  the  top  of  the  valance  band, 
where  the  density  of  ststea  is  a  msrimnm  (infinite)  and  the  laaar  frequency 
needed  for  a  transition  is  a  minimum. 

To  first  order,  the  transition  rate  from  the  valence  band  to  the  surface 
band  is 


where  w**  -  B(C-Ek 
evaluating  the 


Using  equations  (8)  and  (10)  in  this  expression, 
integral  the  transition  rate  be< 
d  i  _ 1 2 


after 


i-2** 


dr 

dE_ 


(12) 


where  k  now  refers  to  the  state  obeying  the  resonance  condition 


it!  -kJ  * 

2  g  —  g 


(13) 


The  integral  over  the  wavefuactions  and  the  energy  derivative  can  be  readily 
evaluated  [8].  finally,  we  obtain  the  cross  section,  c,  from  the  relation¬ 
ship. 


c  a 


(14) 


Although  tho  complete  expression  for  9  la  quit*  complicated  [6],  vt  can  make 
km  aiaple  observations. 

Zf  the  axel ting  laaar  radiation  la  at  a  frequency  near  O.S  E  ,  the  energy 
derivative  will  vanlah  and  9 

Vo.S  Es  ■  °- 

Thla  la  exactly  what  one  would  expect  aince  thla  mid-gap  energy  la  a  branch 
point  at  which  no  aurface  atata  exlsta. 

Zf  the  laaer  radiation  la  near  a  frequency  0  or  E,  the  cross-section 


o+0,*_ 


-  Irl- 


At  both  extreaea  k  goea  to  aero  and  9  divergea.  Thla  occura  becauae  at  the 
aurface  band  edgea  the  charge  aaaodated  with  the  aurface  atatea  becomea  more 
and  more  delocaliaed  throughout  the  lattice#  until  at  k  ■  0  the  charge  la 
coapletely  delocaliaed.  At  thla  point  the  aurface  atatea  become  bulk  atatea# 
and  lnatoad  of  cross-sections,  one  Should  conalder  abaorptlon  coef ficienta . 

Figure  2  deplete  the  behavior  of  the  croaa-aectlon  over  the  entire 
frequency  range.  She  valuea  for  the  lattice  constant,  a  -  2.35A,  and  the 
energy  gap.  Kg  -  1.17  eV,  are  typical  of  silicon  [8] . 


0  5  A  A A to 


Figure  2.  Absorption  cross-section  for  surface  states#  9#  in  A  versus  the 
frequency  of  the  exciting  laser  radiation. 


TO  illustrate  what  laser  intensity  is  required  for  a  certain  absorption 
rate,  we  consider  exciting  a  surface  state  at  0.4  E  .  This  corresponds  to 
a  laser  frequency  of  about  1015  Hs  which  falls  in  the  infrared.  From 
figure  2#  the  cross-section  is  about  3a2.  Zf  we  assume  our  laaer  intensity 
la  1  S/cm2,  toe  transition  rate  is  about  4  x  10" 5  photons  absorbed  per  second. 
Since  an  electron  is  excited  for  each  photon  absorbed  and  toe  effective  charge 
depth  fOr  toe  surface  state  is  about  8  atomic  layers,  the  transition  rate  is 
about  5  x  10"®  electrons  per  surface  atom  per  second.  To  obtain  toe  number  of 
transitions  per  unit  surface  area,  we  divide  by  toe  surface  area  of  toe  end 
atom,  whereby  we  obtain  1010  photons  absorbed  per  cm2  per  second.  This  value 
is  quits  large  considering  toe  low  power  of  the  laser.  Consequently,  using 
such  a  laser  can  lead  to  appreciable  charge  excitation  in  toe  surface  region. 


Sine*  the  charge  depth  increases  as  we  move  away  from  the  mid-gap  region, 
we  wiah  to  excite  surface  states  near  0.5  E_  to  obtain  the  greatest  effect  on 
surface  charge.  From  figure  2,  we  see  that  in  this  region  the  cross-section  is 
quite  substantial.  Consequently,  we  would  expect  a  laser  tuned  to  a  frequency. 
.  near  0.5  Sg  to  be  an  effective  controller  of  surface  charge. 

ADSPECIES-SURFACE  INTERACTION  • 

To  exaaine  the  effect  of  this  surface  charge  on  adspecies ,  we  aust  first 
determine  the  charge  profile  in  the  surface  region.  For  the  unexcited  system, 
the  electron  density  is 

v*>  ■  ^  i*k(*>  i2  (i?> 

where  the  subscript  0  indicates  ground  state  and  E_  is  the  Fermi  energy  with 
crystal  momentum  k,.  It  the  semiconductor  is  now  exposed  to  a  with  an 

energy  less  than  the  energy  gap,  an  electron  will  be  excited  fro*  state  k  -  g/2 
to  a  surface  state  indicated  by  k.  The  new  density  will  be  the  sum  of  the 
ground  state  density  and  the  surface  state  density  less  the  Charge 
associated  with  the  excited  bulk  state.  However,  the  bulk  state  is  delocalised 
throughout  the  system  and  its  effect  on  the  density  will  be  negligible. 
Therefore,  the  excited  system  will  have  a  density 

n(s)  -  n^s)  +  |#K<s)|2.  (18). 

We  have  evaluated  the  densities  for  silicon  and  the  results  are  depicted  in 
figure  3.  The  solid  lias  is  the  ground  state  charge  density.  The  oscillations 
of  the  charge  as  one  goes  into  the  bulk  of  the  crystal  is  due  to  the  concen¬ 
tration  of  charga  around  the  ions.  The  dashed  line  represents  the  density  for 
the  system  with  the  excited  surface  state  of  k  -  0.5  SVg  in  the  lower  branch. 
As  can  be  seen  by  this  plot,  the  charge  in  the  excited^surface  state  produces 
a  total  electronic  charge  in  the  surface  region  that  is  twice  as  great  as  the 
bulk  average.  If  one  excites  surface  states  closer  to  the  branch  point  near 
the  gap  center,  the  charge  concentration  in  the  first  few  layers  of  the  sur¬ 
face  will  increase  up  to  about  thrice  the  average  density. 


+ 

Figure  3.  Electron  density  distribution  at  the  surface.  The  solid  line  repre¬ 
sents  the  ground  electronic  state,  and  the  daahad  line  represents  the  system 
with  the  excited  surface  state  k  ■  0.5  E^/g  in  the  lower  branch. 


It  a  charged  adspacles  is  above  the  surface,  this  excess  charge  in  the 
surface  region  can  produce  a  marked  effect  on  the  adspecies  surface  interaction. 
This  interaction  can  be  written  classically  as 

UUj)  ■  -/dir  n(z)v(r) ,  (19) 

where  v(r)  is  the  electron-ion  potential  of  the  adspecies  at  Zj.  We  have 
assumed  that  the  charge  density  is  uniform  in  the  x  and  y  directions.  If  we 
take  v(r)  to  be  Coulombic  with  Thomas-Fermi  screening  [9]  ,  we  can  readily 
evaluate  the  integrals  over  x  and  y  to  obtain 


OUj)  -  f_jiz  n(z)e“Xl*-*ll, 
where  A  is  the  Thomas-Fermi  screening  parameter: 


Using  our  density  expression,  equation  (18) ,  we  obtain 


(20) 


(21) 


.*a(sr)  |81c{s)|VxI*“*iL  (22) 


Since  we  are  not  concerned  with  the  interaction  of  adspecies  with  the  send.- 
conductor  in  the  ground  state,  we  only  consider  the  surface  contribution  to 
the  potential  (superscript  s)  in  equation  (22) .  If  we  now  insert  the  expres¬ 
sion  for  the  surface  wavefunction  in  equation  (22) ,  we  will  obtain 

■■  ~  X-  -  e  ***  AU>  -  e  ***1  B(k)  (23) 

where  the  coefficients  A(k)  and  B(k)  are  given  elsewhere  [10]  .  the  potential 
in  equation  (23)  is  exponentially  damped  as  ons  moves  away  from  the  surface. 

In  the  vicinity  of  the  surface  the  effect  on  the  total  potential  can  be  quite 


Figure  4.  the  magnitude  of  the  surface  interaction  potential  (in  millihartrees) 
at  a  distance  Zj  •  a  for  the  system  with  various  excited  surface  states.  The 
solid  lias  represents  surface  states  in  the  lower  energy  branch;  the  dashed 
line,  the  upper  energy  branch. 


substantial .  To  illustrate  this  for  various  surfacs  status,  vs  havs  plottad 
the  change  in  potantial  at  tj  •  i  for  all  surfacs  status  in  figure  4.  Thu 
upper  branch  status  aru  at  a  highsr  energy  than  thu  lovur  branch  status. 
Thurafoxu,  thu  exponential  tail  of  thu  charge  density  and,  subsuquuntly,  thu 
inturaction  is  slightly  graatur. 

Our  contuntion  that  lasars  can  control  surface  charge  dunsity  in  seai- 
conductors  and,  subsequently,  enhance  surface  processus  has  been  confirmed.* 
Since  metals  also  play  an  important  role  in  catalysis,  the  effect  of  lasers  on 
metal  surfaces  will  also  be  examined  via  a  simple  model. 


HKH0N"M0NM  ffWWiTW 

If  wa  modal  a  metal  as  a  truncatad  one-dimansional  chain,  ve  will  obtain 
expressions  for  the  bulk  and  surface  wavefunctions  and  their  associated 
energies  which  are  the  sans  in  form  as  those  for  the  one-dimensional  semi¬ 
conductor.  However,  whereas  the  lower  band  in  a  semiconductor  is  completely 
filled  (see  figure  1) ,  in  a  metal  this  band  is  only  partially  filled.  Tor 
example,  in  the  ease  of  sodium  (8],  the  top  of  the  lower  band  lies  at  3.8  ev 
but  the  band  is  only  occupied  up  to  3.1  eV  in  the  ground  state. 

Xf  we  vM—  a  laser  on  our  natal,  we  cannot  directly  excite  electrons  from 
the  bulk  to  the  surface.  This  is  due  to  our  selection  rule  Isee  equation  (10) ) 
which  says  that  we  can  only  exalte  bulk  states  with  k  -  g/2.  In  a  metal,  there 
are  no  occupied  bulk  states  with  zeal  memsmtw  at  or  near  this  crystal  momentum 
To  overcome  this  problem,  the  electrons  can  be  excited  to  the  k  -  g/2  state 
with  the  ptw«w  of  the  crystal  before  excitation  into  the  surface  states  by 
the  laser  photons.  Thus  photons  weald  supply  the  energy  needed  for  the  transi¬ 
tion  and  phonons  would  supply  the  nssded  crystal  moaaatum.  Figure  5 
illustrates  the  bands  in  a  metal  and  the  suggested  pathwogr  for  exciting  surface 
states. 

Since  the  first-order  transition  probability  will  vanish  since  neither 
crystal  nmantim  nor  energy  aru  conserved,  we  can  write  the  transition 
probability  of  state  ka.  to  k  via  interned!  ate  state  k'  as 
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Figure  3.  Dispersion  relation  for  a  natal  and  an  excitation  pathway  to  the 
surface  states(s) .  The  vertiea  arrow  represents  a  photon  of  frequency  «»  the 
borisontal  arrow,  a  r  of  .domntan  K.  DC  is  an  upper  conduction  band. 


where  the  super-  and  subscripts  f  and  p  refer  to  the  laser  field  and  the 
phonons  respectively.  The  matrix  element  H*  ,  is  equivalent  to  equation  (7) 
with  the  time  exponential  factored  out.  The  phonon  matrix  element  can  be 
written  [7] , 


-ids) 


1/2  Ksr  (IQ 


Ia(K)  +  aT  (K)  ] 


where  M  is  the  mass  of  the  lattice  atom,  a(K)  and  a  (K)  are  the  annihilation 
and  creation  operators  of  the' phonon,  v(g)  is  the  form. factor,  and  the  crystal 
momentua  of  the  phonon,  K,  must  equal  k'-k". 

Xf  we  insert  equations  (7)  and  (25)  into  equation  (24)  and  average  over  the 
phonon  number  states,  ]n(K)  >,  we  obtain  the  transition  probability.  Xf  we  now 
sum  over  all  initial  and  final  states,  we  will  obtain  the  second-order  transi¬ 
tion  rate 

t  -  <-£)  fr.  s?Mg>W>+i|  T(1>  .  an 

VwV 


where  K  ■  g/2-k" .  T  (r,g/2)  is  the  first-order  transition  rate  between  bulk 
state  g/2  and  surface  state  k  induced  by  the  laser  field  and  is  given  by 
equation  (12) .  We  can  convert  this  expression  into  an  integral  over  energy. 

Xf  we  then  assume  a  thermal  distribution  of  phonons  and  electrons,  we  need  only 


consider  the  integral  within  an  interval  k^T  aro 
is  the  lattice  taaperature.  At  room  temperature, 
the  integrand  can  be  considered  a  constant! 


around  the  Fermi  energy  where  T_ 
me,  this  interval  is  small  and 


V  V2rky  V 


^  T(1)(«c,g/2) 


where  K  ■  g/2-h 
For  soditai  i 


can  readily  evaluate  aquation  (26) * 
T  •  2.38X10”4  T(1> (r,g/2) . 


Since  the  various  physical  constants  for  sodium  are  not  significantly  different 
from  those  of  silicon,  we  would  ei^ect  the  first-order  rates  to  be  roughly 
ooape ruble.  From  the  previous  section,  we  saw  that  a  significant  photon  2 
absorption  in  silicon  could  be  induced  with  a  low  power  laser  (1  to  10  w/cm  ) . 
Therefore,  we  would  expect  to  produce  a  similar  effect  in  sodium  with  a  moderate 
power  laser  (10  to  100  kw/cm  ; .  consequently,  as  with  semiconductors,  we  would 
expect  a  laser  to  act  as  an  efficient  controller  of  surface  charge  in  a  metal. 
Subsequent  interactions  would  likewise  be  effected. 


OONCLOSXOH 


□sing  a  laser  to  localise  electronic  charge  in  the  surface  region  of  a  semi¬ 
conductor  or  a  metal  can  produce  an  appreciable  effect  on  adspecies-surface 
interaction.  For  a  negatively  charged  adspecies,  desorption  can  be  induced; 
if  positively  charged,  adsorption  is  enhanced.  In  a  more  realistic  model  with 
both  occupied  and  empty  surface  states,  the  laser  could  excite  holes  as  well  as 


electrons  and  thus  selectively  enhance  adsorption  or  desorption  for  the  sane 
charged  adspecies. 

Of  course,  this  sane  formal Ism  would  apply  to  a  polar  adspecies.  The  posi¬ 
tive  end  of  a  molecule  would  be  attracted  to  a  negatively  charged  surface. 

Thus,  in  addition  to  enhancing  adsorption  or  desorption,  the  laser  will  cause 
the  adspecies  to  line  up  in  a  desired  orientation. 

Furthermore,  since  the  charge  distribution  of  an  adspecies  is  a  function  of 
its  electronic  state,  our  laser  controlled  surface  could  select  the  desired 
state.  Finally,  once  molecules  are  adsorbed  on  the  surface,  new  energy  bands 
could  be  introduced  through  which  the  laser  could  enhance  surface  processes. 

TO  is® rove  our  understanding  of  the  adspecies- surface  system,  the  dielectric 
screening  problem  would  have  to  be  addressed  in  more  detail. 

Because  the  concentration  of  charge  is  so  large  in  the  surface  region,  it 
is  conceivable  that  a  lattice  rearrangement  could  be  induced  in  the  surface 
area.  Such  an  effect  could  lower  the  charge  in  the  surface.  On  the  other  hand 
the  new  surface  states  would  probably  be  more  stable  and,  subsequently,  have  a 
larger  lifetime.  To  study  these  effects,  a  self- consistent- field  calculation 
would  have  to  be  performed. 

The  major  limitation  of  the  above  model,  however,  is  its  one-dimensionality. 
The  three-dimensional  interaction  potential  may  be  quite  complex  depending  not 
only  on  the  distance  from  the  surface  but  also  on  the  position  of  the  adspecies 
with  respect  to  the  plane  of  the  surface.  Finally,  in  a  real  metal  or  semi¬ 
conductor,  the  surface  states  are  not  necessarily  confined  to  the  gap  between 
the  valence  and  conduction  bands. 

Nonetheless,  we  have  clearly  demonstrated  that  lasers  can  be  used  to  control 
surface  charge  in  both  metals  and  semi  conductors .  Such  charge,  in  turn,  can 
lead  to  enhanced  surface  processes.  The  effects  on  these  processes  of 
adspecies-surface  dynamics  and  higher  dimensions  are  the  subject  of  continuing 
research. 
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